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A new separation scheme for the recycling of metal values from nickel metal hydride batteries utilizing ionic liquids has been de-
veloped. The scheme has been optimized for synthetic solutions and uses either the ionic liquid trihexyl(tetradecyl)phosphonium
chloride (Cyphos IL 101) or tricaprylmethylammonium chloride (Aliquat 336). In the first stage of extraction cobalt, man-
ganese, iron and zinc are removed from the rare earths and nickel in a metal-loaded liquor of high chloride concentration (8 M
chloride). Recovery of rare earths was demonstrated on the raffinate resulting from the first extraction by extraction with the
solvating extractant Cyanex 923 (10% v/v) in tricaprylmethylammonium nitrate. Cobalt and manganese were separated utilizing
tricaprylmethylammonium thiocyanate.
1 Introduction
The recycling of rare earths is of importance for helping to se-
cure a supply of these critical metals and to guarantee their ef-
ficient use.1 The recycling of rare earths is also recommended
from the point of view of the so-called ”Balance Problem”.2
Most of the research activities in the field of recycling of rare
earths from end-of-life consumer goods have focused on per-
manent magnets and phosphors of fluorescent lamps. Less
attention has been paid to nickel metal hydride (NiMH) bat-
teries, which contain substantial amounts of lanthanum, with
smaller admixtures of other rare earths. The recycling of rare
earths or other metal values such as nickel can be done via ei-
ther a pyrometallurgical or a hydrometallurgical process.3 In
a pyrometallurgical process, the nickel metal hydride batter-
ies will be heated in a high-temperature furnace. Nickel re-
ports to a metallic phase and the rare earths to the oxide slag.
The metals are then recovered in further process steps. In a
hydrometallurgical process, the batteries are first dismantled
and the anode and cathode materials can be treated separately,
by leaching with acid and extraction of the metals from the
leachates by solvent extraction.4
In earlier work by the first author, a process for recycling
nickel metal hydride batteries was developed and tested based
on dissolving batteries using 8 M hydrochloric acid and uti-
lizing Cyanex 923 to extract metals.4–6 The novelty of this
process was primarily the focus on high metal concentrations
and solvating extractants, which afforded an efficient process
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by having low volumes and low sensitivity to pH. The 8 M
hydrochloric acid was found to be close to optimal since it
approaches the solubility limits of the dissolved battery ma-
terials and yields a high chloride matrix that can be used to
extract metal-chloride complexes. The resulting composition
was therefore used for the experiments described in this paper.
Previous research on NiMH recycling in chloride media in-
cludes the process developed by Zhang et al. whereby the
batteries were dissolved in 3M hydrochloric acid, followed by
extraction of rare earths with bis(2-ethylhexyl)phosphoric acid
(D2EHPA) in kerosene, and nickel/cobalt separation by ex-
traction with trioctylamine in kerosene.7 Tzanetakis and Scott
also developed a process in chloride media, with D2EHPA in
kerosene to recover rare earths followed by electrochemical
recovery of a nickel-cobalt alloy.8,9 Gasser and Aly investi-
gated recovery and separation of rare earths from NiMH bat-
teries using a synthetic adsorbent after sulphuric acid disso-
lution.10 Fernandes et al. reported a high chloride concen-
tration process for NiMH battery recycling using TBP (trib-
utyl phosphate), Alamine 336 (tri-n-octylamine), PC-88A ((2-
ethyl hexyl phosphonic acid mono-2-ethylhexyl ester) and ox-
alate precipitation.11
Ionic liquids (ILs) are solvents that consists entirely of ions.
They are often composed of bulky organic cations and organic
or inorganic anions and they are often in a liquid state at or
near room temperature. Using ionic liquids in solvent extrac-
tion by replacing classical organic solvents as diluents or ex-
tractants is potentially beneficial since ionic liquids can have
more desirable properties, such as a very low vapor pressure
and associated low volatility and flammability, immiscibility
with water or organic solvents (depending on the composition
of the ionic liquid) and the ability to dissolve a wide range of
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organic and inorganic compounds.12–24 With regard to solvent
extraction they can serve as new extractants and have been
shown to be able to increase distribution ratios and change
separation factors.
In this paper, the ionic liquids tri-
hexyl(tetradecyl)phosphonium chloride (Cyphos IL 101)
and tricaprylmethylammonium chloride (Aliquat 336) are
used in pure form for chloro-complex separations, in nitrate
form together with the solvating trialkylphosphine oxide
mixture Cyanex 923 for nitrato-complex separations and
in thiocyanate form for separating cobalt from manganese.
These ionic liquids have suitable physical and chemical
properties for use in separation processes and they are non-
fluorinated. Avoiding fluorinated ionic liquids is advisable
due to their high price and their persistence in nature. Aliquat
336 dissolved in molecular solvents has been shown to extract
anionic complexes in chloride media through anion exchange
mechanism for a number of transition metals such as cobalt,
manganese and zinc.25–27 Cyphos IL 101 has previously been
shown to be able to extract copper, cobalt, iron, manganese
and zinc from chloride solutions.28–30
The work presented in this paper expands the scope of pre-
viously reported hydrometallurgical processes for recycling of
metals from metal hydride batteries by using ionic liquids to
perform extractions on synthetic solutions simulating the com-
position of leachates of nickel metal hydride batteries.4 The
benefit of using ionic liquids (Cyphos IL 101 or Aliquat 336)
is that the transition metals, except nickel, can be extracted in
an initial step as compared to previous work where rare earths
were extracted together with the transition metals in a single
step.4 This is a benefit, since it removes the need for a sub-
sequent separation of rare earths from cobalt, manganese and
zinc. The purity of cobalt and manganese with regard to nickel
is also very high due to a very effective scrub of the ionic liq-
uid phase containing the extracted cobalt and nickel using hy-
drochloric acid.
2 Experimental
2.1 Chemicals
Cyphos IL 101 is the ionic liquid tri-
hexyl(tetradecyl)phosphonium chloride (Cytec, 97.7%).
Aliquat 336 (tricaprylmethylammonium chloride) is a mixed
quaternary ammonium salt containing mainly trioctylmethy-
lammonium and tridecylmethylammonium chloride (Aldrich,
88.2-90.6%). Cyanex 923 (Cytec, 93%) is a mixture of
trialkylphosphine oxides with octyl and hexyl side groups:
trioctylphosphine oxide, trihexylphosphine oxide and the
mixed side group versions. The ionic liquids and extractants
were used as received without further purifications and the
structure of the main components are shown in Fig. 1.
Fig. 1 Structures of the ionic liquids and extractants used in this
study: (a) Cyphos IL 101; (b) Aliquat 336 (main component); (c)
Cyanex 923 (main component).
In order to prepare nitrate forms of the ionic liquids, they
were pre-equilibrated three times with a 2.5 M KNO3 solution
to exchange the chloride ions for nitrate ions. The reduction
in chloride concentration after the two first equilibrations is
shown in Table 1 and is below 200 ppm. Three equilibrations
were used since this gave chloride levels in the ionic liquid
phase close to the instrumental detection limits.
Table 1 Measured chloride concentrations (in ppm) in the two
phases for pre-equilibrations of Aliquat 336 and Cyphos IL 101
using an aqueous phase of 2.5 M KNO3.
Phase Initial After equilib.1 After equilib.2
Aliquat 336 >25000 4500 160
Aqueous - >40000 4100
Cyphos IL 101 >25000 730 100
Aqueous - >40000 2200
The following salts were used in preparation of so-
lutions: Aluminium(III) chloride hexahydrate (Acros Or-
ganics, 99%), cerium(III) chloride heptahydrate (Alfa Ae-
sar, 99%), cobalt(II) chloride hexahydrate (Sigma-Aldrich,
97%), iron(III) chloride (Riedel-de Hae¨n, 99%), potassium
chloride (AnalaR, >99.5%), lanthanum(III) chloride hep-
tahydrate (Sigma-Aldrich, 99.9%), magnesium(II) chloride
(Sigma-Aldrich, >98%), manganese(II) chloride hexahydrate
(Acros Organics, 97%), neodymium(III) chloride hexahy-
drate (GFS chemicals, 99.9%), nickel(II) chloride hexahy-
drate (Merck, >98%), praseodymium(III) chloride hexahy-
drate (Acros Organics, 99.9%), yttrium(III) chloride hexahy-
drate (Heraeus, 99.9%), zinc(II) chloride hexahydrate (Sigma-
Aldrich, 99.999%), sodium nitrate (Chem-Lab, >99%),
2 | 1–9
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sodium citrate (Fischer, 99.5%). The salts were dissolved us-
ing pure water (MilliQ, Millipore, >18 MΩ/cm). For some
strip steps ammonia (25% (w/v), Chem-lab) was used.
A Bruker S2 Picofox total reflection X-ray fluorescence
(TXRF) spectrometer was used to determine the metal content
in solutions. The uncertainties given are one standard devia-
tion based on differences in triplicate measurements, i.e. the
standard deviation for the measurement replication.
Three initial aqueous solutions were prepared for extrac-
tion studies. The first solution (solution 1) was based on the
composition of mixed electrodes from a hybrid electric vehi-
cle (HEV) NiMH battery dissolved in 8 M hydrochloric acid,
as described previously by Larsson et al.5 The second solution
(solution 2) was designed to contain NiMH battery metals in
low concentration in a 4 M nickel chloride matrix in order to
test extraction at low loading of the ionic liquid. The third
solution (solution 3) was prepared in order to have additional
solution where cobalt, manganese, iron and zinc had been ex-
tracted giving a solution of primarily rare earths and nickel.
Concentrations for the aqueous solutions are shown in Table
2 (TXRF measurement results). Magnesium and aluminium
concentrations could not be reliably determined by TXRF at
the concentrations in the prepared solutions and are therefore
present in the solutions in order to mimic real solutions but no
extraction data could be reported. However, it is probable that
neither magnesium nor aluminium will be strongly extracted
by Cyphos IL 101 or Aliquat 336 in chloride solutions and that
they can be scrubbed from a loaded ionic liquid.28 Potassium
extraction was at or below detection limits in the ionic liquid
phase for all experiments.
Table 2 Concentrations of metals in the starting solutions (in M), as
measured by TXRF. Aluminium (approximately 0.1 M) and
magnesium (approximately 0.04 M) were also present in all the
solutions.
Metal Solution 1 Solution 2 Solution 3
Co 0.47 ± 0.01 0.06 ± 0.004
Fe 0.04 ± 0.002 0.02 ± 0.001
Mn 0.13 ± 0.01 0.05 ± 0.003
Zn 0.02 ± 0.001 0.03 ± 0.001
K 0.08 ± 0.004 0.10 ± 0.001 0.04 ± 0.02
Ni 3.0 ± 0.10 4.17 ± 0.2 3.6 ± 0.26
Y 0.04 ± 0.002 0.02 ± 0.001 0.05 ± 0.01
La 0.25 ± 0.01 0.03 ± 0.002 0.24 ± 0.05
Ce 0.08 ± 0.002 0.02 ± 0.001 0.08 ± 0.02
Pr 0.01 ± 0.0004 0.01 ± 0.001 0.01 ± 0.004
Nd 0.02 ± 0.001 0.01 ± 0.001 0.03 ± 0.003
2.2 Solvent extraction procedure
Batch solvent extraction experiments were performed using
approximately 1 mL of each phase, unless other phase ratios
were tested, in which case the ionic liquid volume was in-
creased. Samples were shaken at constant temperature (30 ◦C)
using a TMS-200 turbo thermo shaker (Hangzhou Allsheng
Instruments Co., Ltd). Larger extraction experiments used 30
mL to make the treated phases for further experiments.
The distribution ratio (D) of a single metal is defined (equa-
tion 1) as the ratio of the total concentration in the ionic liquid
phase ([M]IL) by the total concentration in the aqueous phase
([M]aq) after extraction and phase separation. The phase ratios
are defined as the volume ionic liquid divided by the volume
aqueous phase. The percentage extracted is defined in equa-
tion 2, where Vaq and VIL are the volumes of the aqueous and
ionic liquid phases, respectively.
D=
[M]IL
[M]aq
(1)
%E=
100 ·D
D+ VaqVIL
(2)
3 Results
3.1 Transition metal extraction
In order to evaluate the potential of Cyphos IL 101 and Aliquat
336 for separation of manganese, iron, cobalt and zinc from
the chloride liquor, initial tests were performed. The aqueous
phase with reduced metal concentrations (solution 2) was used
in order to avoid high loading (concentration of the extracted
solute in the extracting phase). Manganese, iron, cobalt and
zinc were all below detection limits in the aqueous phase af-
ter equilibration, indicating distribution ratios well above 100
and the distribution ratios for the remaining metals are shown
in Table 3. The extraction of nickel and rare earths was low
compared to the metals with high distribution ratios giving a
high separation.
Table 3 Distribution ratios for a synthetic 4 M NiCl2 solution with
low levels of the extractable metals (solution 2) and a phase ratio
(VIL:Vaq) of 1:1 Cyphos IL 101 and Aliquat 336. Manganese, iron,
cobalt and zinc fully extracted after 30 min of mixing (2200 rpm) at
30 ◦C.
Metal Cyphos IL 101 Aliquat 336
Ni 0.04 ± 0.02 0.10 ± 0.005
Y 0.70 ± 0.34 0.32 ± 0.03
La 0.05 ± 0.02 0.15 ± 0.01
Ce 0.06 ± 0.02 0.15 ± 0.01
Pr 0.07 ± 0.03 0.14 ± 0.01
Nd 0.09 ± 0.04 0.15 ± 0.01
Subsequently, an experiment with the synthetic solution
mimicking a real dissolved battery (solution 1) was used at
1–9 | 3
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Fig. 2 Kinetics experiment showing percentage extracted for
Aliquat 336 (A336) and Cyphos IL 101 (C101) at a higher mixing
speed (3000 rpm) at 50 ◦C with a phase ratio (VIL:Vaq) of 2:1.
a phase ratio of 1:1. The high loading of the ionic liquid phase
significantly increased the viscosity of the phase and the distri-
bution ratios decreased significantly as an effect of the system
not being in equilibrium. The mixing became inefficient at
2200 rpm when the viscosity increased due to the high load-
ing of the ionic liquid. To show that the equilibration time
is short when the system is efficiently mixed and the viscos-
ity is lowered by increasing the temperature a series of ex-
periments with different equilibration times were performed
(Figure 2). This demonstrated that Aliquat 336 reached equi-
librium in less than 1 min and Cyphos IL 101 within 12 min.
At high mixing speeds and high temperatures full extrac-
tion of manganese, iron, cobalt and zinc was achieved down
to a phase ratio of 1:1. The increased temperature signifi-
cantly reduced the viscosity of the loaded ionic liquid and the
required equilibration time, however, near room-temperature
represents an interesting scenario since it shows that the pro-
cess can work at ambient temperatures. Experiments with a
2:1 phase ratio at 1 hour of mixing (2200 rpm) were performed
using Cyphos IL 101 (Table 4). The experiments indicated
that the extraction of cobalt reached sufficiently high distribu-
tion ratios at these conditions. With the mixing time of 1 hour
there was full extraction (D > 100) of iron, zinc, manganese
and cobalt. Minimizing the phase ratio without compromising
the extraction of manganese, iron, cobalt and zinc is prefer-
able since the extraction of nickel and rare earths increases
with increasing phase ratio. While the viscosity increases with
minimized phase ratio (increased loading) leading to a techni-
cal optimal value. However, the phase ratio does not need
to be determined more precisely here since the optimal value
will change for a continuous process and at different mixing
conditions and higher temperatures. For further experiments
utilizing the extract (loaded IL), a phase ratio of 2:1 and 1 hour
of mixing at 30 ◦C was used in order to ensure full extraction
of the transition metals. A similar experiment with Aliquat
336 showed that a 2:1 ratio for 1 hour of mixing was sufficient
(with similar distribution ratios) for this ionic liquid as well.
Table 4 Distribution ratios for Cyphos IL 101 with solution 1 as
aqueous phase at phase ratio (VIL:Vaq) 2:1, 1 hour of mixing (2200
rpm) at 30 ◦C.
Metal D Metal D
Co >100 Y 0.11 ± 0.03
Fe >100 La 0.09 ± 0.02
Mn >100 Ce 0.10 ± 0.02
Zn >100 Pr 0.09 ± 0.05
Ni 0.06 ± 0.006 Nd 0.10 ± 0.06
3.2 Transition metal scrubbing
Loaded Cyphos IL 101 and Aliquat 336 ionic liquid phases
were created in two single-step experiments (30 mL) and this
phase was used for stripping experiments. Since the extraction
is dependent on the chloride concentration, an efficient scrub
of the ionic liquid in order to purify the extracted metals was
achieved using 8 M hydrochloric acid. The results of a scrub-
bing experiment to determine a suitable phase ratio are shown
in Table 5, indicating that a 3:1 phase ratio is acceptable.
Table 5 Distribution ratios when scrubbing loaded Cyphos IL 101
with 8 M hydrochloric acid in order to remove nickel and rare earth
content at varying phase ratios (VIL:Vaq). The samples were mixed
(2200 rpm) for 30 min at 30 ◦C.
Metal 1:1 2:1 3:1
Co >100 >100 >100
Fe 20 ± 3 18 ± 7.5 20 ± 4.6
Mn 15 ± 1.8 15 ± 1.3 15 ± 0.8
Zn >100 >100 >100
Ni 0.04 ± 0.02 0.02 ± 0.01 0.02 ± 0.02
Y 0.04 ± 0.02 0.01 ± 0.003 0.03 ± 0.02
La 0.02 ± 0.01 0.01 ± 0.003 0.01 ± 0.003
Ce 0.01 ± 0.02 0.01 ± 0.01 0.01 ± 0.01
Pr 0.01 ± 0.01 0.03 ± 0.02 0.02 ± 0.04
Nd 0.01 ± 0.01 0.07 ± 0.01 0.04 ± 0.04
Manganese, iron, cobalt and zinc remained quantitatively
extracted, while nickel and the rare earths were effectively
scrubbed from the ionic liquid phase. Additionally some
scrubbing of cobalt, manganese, iron and zinc would be ac-
ceptable since no material is lost, since the 8 M hydrochloric
acid scrub raffinate solution could be used for dissolution of
additional battery material. Similar results were achieved for
Aliquat 336 showing that an 8 M hydrochloric acid scrub gave
an effective scrub of nickel and rare earths.
4 | 1–9
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3.3 Transition metal stripping
Table 6 shows the results from consecutive stripping steps us-
ing pure water and how it affects the distribution ratio for the
equal volume situation. The distribution ratios of the three
stripped metals remain fairly high due to a relatively high chlo-
ride level in the strip. The ionic liquid phase contributes to
the chloride concentration during the strip since it extracts hy-
drochloric acid during the scrub step and due to the chloride
concentration provided by the stripped metal chloride com-
plexes. Two steps would be sufficient to nearly quantitatively
strip manganese and cobalt content with iron and zinc in the
ionic liquid phase. In order to ensure that iron is not stripped
a small amount of hydrochloric acid can be added to the strip-
ping water.
Table 6 Distribution ratios after stripping the scrubbed Cyphos IL
101 using water, consecutive steps with 30 min of mixing (2200
rpm) at 30 ◦C.
Metal Step 1 Step 2 Step 3
Co 1.7 ± 0.4 0.1 ± 0.01 0.003 ± 0.0002
Fe 2.1 ± 0.3 4.5 ± 0.7 1.3 ± 0.5
Mn 0.3 ± 0.1 0.02 ± 0.001 0.01 ± 0.02
Zn >100 >100 >100
The residual iron and zinc in the ionic liquid phase after a
three-step water strip can be removed using citric acid (Table
7), which can act as an ionic liquid regeneration step. The
majority of the zinc was stripped in the first step, but later
steps became less efficient.
Table 7 Distribution ratios for a Cyphos IL 101 ionic liquid
regeneration step using 1 M sodium citrate solution with 30 min of
mixing (2200 rpm) at 30 ◦C.
Metal Step 1 Step 2
Fe 0.2 ± 0.06 0.4 ± 0.04
Zn 0.9 ± 0.1 5.2 ± 0.4
An alternative to this somewhat inefficient stripping of iron
and zinc was achieved using a concentrated ammonia solution.
This removed the impurities to the aqueous phase. A 5% am-
monia solution at a 2:1 (VIL:Vaq) phase ratio was used for this,
but a lower concentration could be possible. The stripped iron
behaved like a third phase and gathered at the bottom after
centrifugation, the zinc stayed in solution. The iron and zinc
were both quantitatively stripped in a single step with distri-
bution ratios below 0.01.
3.4 Separation of cobalt and manganese
Separation of the cobalt and manganese after their selec-
tive strip using water (with a low content of hydrochloric
Fig. 3 Distribution ratios for cobalt and manganese in
tricaprylmethylammonium chloride with a varying
tricaprylmethylammonium thiocyanate content in volume percent.
acid), giving a dilute chloride solution, was achieved using tri-
caprylmethylammonium thiocyanate dissolved in Aliquat 336.
The thiocyanate in tricaprylmethylammonium thiocyanate can
bind to the cobalt and extract it to the ionic liquid phase. To
determine a suitable concentration of tricaprylmethylammo-
nium thiocyanate a series of experiments with increasing con-
centration was performed at a 1:1 phase ratio (Figure 3). With
the requirement that the cobalt distribution exceed 10 and the
manganese distribution ratios remain low a concentration of
30% was found to be adequate and was used on a 10 mL
scale giving a distribution ratio for cobalt of 28 and for man-
ganese 0.07, giving a separation factor of 400. The solution
was scrubbed using water at a 10:1 (VIL:Vaq) phase ratio to
remove manganese. The cobalt was quantitatively stripped
in a single step using a 10% (w/v) ammonia solution with a
1:3 (VIL:Vaq) phase ratio. The high concentration and low
phase ratio was optimized to maintain the cobalt dissolved in
the aqueous solution, however, the cobalt rapidly precipitates
also at these conditions and a different ammonia concentra-
tion could be suitable. The ionic liquid was used directly after
stripping for cobalt and manganese separation again with sim-
ilar distribution ratios (26 and 0.07 respectively).
3.5 Recovery of rare earths with a solvating extractant
The main goal of the rare earths recovery studies was to find
a medium which has a very low extraction of nickel and from
which the extracted phase could easily be scrubbed of nickel.
For this purpose a solvating extractant, Cyanex 923, was used
dissolved in nitrated forms of Cyphos IL 101 and Aliquat 336.
This allows the ionic liquids to be used in a special way, in
that the ionic liquids will supply the nitrates for the extrac-
tion without the nitrates being a component of the aqueous
phase. The source of nitrates will be solely from the ionic
1–9 | 5
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liquid phase meaning that the availability of nitrates will be
fairly low and thereby the solvating extractant was necessary
since the ionic liquids themselves had slightly too low distri-
bution ratios when used on the solutions resulting from the
extraction of iron, zinc, cobalt and manganese. Adding ni-
trates to the aqueous phase would be unsuitable since this so-
lution could be used for electrowinning. However, the distri-
bution ratios can be raised using higher chloride levels, and
thereby avoiding the use of the solvating extractant. Both
the routes with and without solvating extractant were ex-
plored. Experiments with rare earths and increasing Cyanex
923 concentration at a phase ratio of 2:1 gave increasing dis-
tribution ratios (Table 8 and 9). The distribution ratios for
25% v/v Cyanex 923 in trihexyl(tetradecyl)phosphonium ni-
trate at phase ratio 2:1 showed that it was possible to remove
the rare-earth content from nickel. For the tricaprylmethy-
lammonium nitrate experiment the mixing time for the ex-
periment was increased to allow the sample to reach closer
to equilibrium since the shorter mixing time of 30 min had
very low distribution ratios for yttrium and lanthanum. The
extraction of metals by trihexyl(tetradecyl)phosphonium ni-
trate and tricaprylmethylammonium nitrate are similar, but tr-
icaprylmethylammonium nitrate gives larger distribution ra-
tios for both the rare earths and nickel, compared to tri-
hexyl(tetradecyl)phosphonium nitrate. The higher distribution
ratios for rare earths can be beneficial since a lower level of
Cyanex 923 can be used and the increased extraction of nickel
is not an issue since it can be scrubbed using a nitrate solu-
tion (Table 11 and 12). After three consecutive steps with
1:1 of a 3 M sodium nitrate solution 99% of the nickel was
stripped in the trihexyl(tetradecyl)phosphonium nitrate case.
For the tricaprylmethylammonium nitrate case the scrubbing
of nickel is somewhat less at the 20:1 phase ratio since the to-
tal amount of extracted nickel is higher. Approximately 140
mg/mL of anhydrous magnesium chloride (approximately 1.5
M) was added to the aqueous phase before contact to suffi-
ciently increase the rare earth distributions to be extracted with
tricaprylmethylammonium nitrate without using Cyanex 923
(Table 10). However, the yttrium distribution ratios remained
somewhat low (D< 1) and an even higher increase of chloride
could be necessary to make it an efficient path.
The extracted rare earths can be stripped from the
resulting solution using water (Table 13) in the tri-
hexyl(tetradecyl)phosphonium nitrate case. Lanthanum is the
least stripped rare-earth and approximately 84% of the total
lanthanum content is stripped over 3 stages of 1:1 stripping
with water, this value could be improved by using more steps
or adding a stripping agent. However, in the interest of main-
taining an environmentally friendly process water was deemed
sufficiently effective.
The stripping of rare earths from tricaprylmethylammo-
nium nitrate could be done with either water or dilute nitric
Table 8 Distribution ratios for 10% and 25% v/v Cyanex 923 in
trihexyl(tetradecyl)phosphonium nitrate with solution 3 as the
aqueous phase, phase ratio (VIL:Vaq) 2:1 with 30 min of mixing
(2200 rpm) at 30 ◦C.
Metal 10% 25%
Ni 0.02 ± 0.0004 0.02 ± 0.008
Y 0.70 ± 0.04 6.7 ± 3.1
La 5.8 ± 0.47 35 ± 15
Ce 30 ± 4.0 >100
Pr 9.0 ± 8.7 >100
Nd 4.8 ± 2.1 >100
Table 9 Distribution ratios for 10% and 25% v/v Cyanex 923 in
tricaprylmethylammonium nitrate with solution 3 as the aqueous
phase, phase ratio (VIL:Vaq) 2:1 at 30 ◦C, with 1 hour of mixing
(2200 rpm).
Metal 10% 25%
Ni 0.10 ± 0.032 0.091 ± 0.033
Y 2.3 ± 0.17 >100
La 13 ± 0.90 26 ± 3.8
Ce 14 ± 4.7 >100
Pr 19 ± 3.6 36 ± 4.2
Nd 8.0 ± 2.3 >100
Table 10 Distribution ratios for tricaprylmethylammonium nitrate
from an aqueous phase obtained after extraction by Aliquat 336 on
solution 1, for the pure aqueous phase and the aqueous phase with
added anhydrous magnesium chloride (140 mg/mL). Phase ratio
(VIL:Vaq) 2:1 at 50 ◦C, with 1 hour of mixing (2200 rpm).
Metal Pure Added MgCl2
Ni 0.04 ± 0.004 0.08 ± 0.02
Y 0.1 ± 0.004 0.7 ± 0.08
La 1.4 ± 0.2 7.8 ± 1.5
Ce 1.4 ± 0.2 9.9 ± 1.6
Pr 0.7 ± 0.01 3.3 ± 0.29
Nd 0.5 ± 0.06 2.5 ± 0.02
Table 11 Distribution ratios for a 3 M nitrate scrub of loaded 25%
v/v Cyanex 923 in trihexyl(tetradecyl)phosphonium nitrate, phase
ratio (VIL:Vaq) 20:1. The samples were mixed (2200 rpm) for 30
min at 30 ◦C.
Metal Step 1 Step 2 Step 3
Ni 0.012± 0.0013 0.008± 0.002 0.01 ± 0.003
Y 8.2 ± 1.3 8.3 ± 2.6 >100
La 5.8 ± 0.15 6.9 ± 1.9 87 ± 25
Ce 11 ± 0.24 14 ± 3.9 >100
Pr 5.2 ± 1.8 7.5 ± 2.0 82 ± 21
Nd 13 ± 0.75 20 ± 3.8 >100
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Table 12 Distribution ratios for a 3 M nitrate scrub of loaded 10%
v/v Cyanex 923 in tricaprylmethylammonium nitrate, phase ratio
(VIL:Vaq) 20:1. The samples were mixed (2200 rpm) for 30 min at
30 ◦C.
Metal Step 1 Step 2 Step 3
Ni 0.069± 0.004 0.034± 0.012 0.026± 0.013
Y 1.2 ± 0.26 0.9 ± 0.03 1.2 ± 0.21
La 6.9 ± 1.5 6.1 ± 0.69 8.8 ± 1.5
Ce 6.9 ± 1.6 6.5 ± 0.98 9.7 ± 1.8
Pr 5.5 ± 0.93 4.6 ± 0.14 7.3 ± 1.1
Nd 7.2 ± 1.5 5.9 ± 1.2 7.2 ± 1.1
Table 13 Distribution ratios for a water strip of the scrubbed 25%
v/v Cyanex 923 in trihexyl(tetradecyl)phosphonium nitrate, phase
ratio (VIL:Vaq) 1:1. The samples were mixed (2200 rpm) for 30 min
at 30 ◦C.
Metal Step 1 Step 2 Step 3
Y 0.61 ± 0.14 0.55 ± 0.18 0.45 ± 0.10
La 1.2 ± 0.24 1.4 ± 0.70 1.3 ± 0.17
Ce 0.54 ± 0.10 0.61 ± 0.30 0.58 ± 0.11
Pr 0.31 ± 0.08 0.32 ± 0.14 0.35 ± 0.07
Nd 0.35 ± 0.07 0.37 ± 0.18 0.37 ± 0.07
acid, 0.1 M nitric acid was used (Table 14). The lower Cyanex
923 concentration allows for a much more complete strip than
the trihexyl(tetradecyl)phosphonium nitrate case. Two steps
were deemed sufficient to strip the majority of the rare earths,
yttrium was below detection limits in the ionic liquid in the
second step, additional steps would give increased stripping.
Table 14 Distribution ratios for a water strip of the scrubbed 10%
v/v Cyanex 923 in tricaprylmethylammonium nitrate, phase ratio
(VIL:Vaq) 1:1. For the second step yttrium was below detection
limits. The samples were mixed (2200 rpm) for 30 min at 30 ◦C.
Metal Step 1 Step 2
Y 0.07 ± 0.01 nd
La 0.20 ± 0.02 0.11 ± 0.01
Ce 0.30 ± 0.04 0.17 ± 0.03
Pr 0.44 ± 0.05 0.21 ± 0.05
Nd 0.38 ± 0.05 0.22 ± 0.04
4 Discussion
The nitrate based extraction is interesting since the nitrates
necessary for the extraction is supplied solely by the ionic liq-
uid and because the extraction mechanism is different for an
ionic liquid media compared to in a molecular solvent since
the extracted complex is likely charged instead of uncharged.
The most likely number of nitrate ions involved in the ex-
tracted complex is 6, where this charged complex is solvated
by the ionic liquids cations. This is based on the fact that in
dry ionic liquids a complex with six nitrates is the most likely
species of neodymium(III) when the availability of nitrate is
sufficiently high.31 The ionic liquid cations (ammonium or
phosphonium cations) have a distinct influence on the extrac-
tion process, since the distribution ratios for the rare earths are
higher in the ammonium-based ionic liquid. The differences
in the interactions with the ionic liquid cations is also evident
from the color of the nickel complexes. The solution of the
pure phosphonium ionic liquid at a 3:1 phase ratio after equi-
libration is purple, due to the presence of blue and red nickel
complexes. Moreover, the color of the solution is temperature-
dependent (thermochromism), the solution goes from red at
low temperatures to blue at high temperatures. This is in fact
one of the few examples of thermochromic ionic liquid solu-
tions.32–35 When Cyanex 923 is added to the system there are
no more red complexes and the solutions goes from light blue
to dark blue when temperature is increased. Solutions with
nickel complexes in the ammonium-based ionic liquid goes
from light green at low temperatures to deep blue at higher
temperatures.
Two systems can be envisioned utilizing either of the tested
ionic liquids Cyphos IL 101 or Aliquat 336. Choosing be-
tween the two ionic liquids requires partly a cost-based opti-
mization since both ionic liquids are capable of extracting the
desired metals and have fairly low viscosities. However, the
long-term stability and the level of loss to the aqueous phase
of both ionic liquids would need to be investigated in order
to determine the most suitable ionic liquid. tricaprylmethy-
lammonium nitrate has somewhat higher distribution ratios for
rare earth extraction and thereby allows for a lower level of
Cyanex 923 in the process as shown. This makes Aliquat 336
the most suitable ionic liquid to base the system on, since this
also simplifies the scrub and strip steps. Essentially the two
ionic liquids are interchangeable in the process with some in-
fluence on the optimization of concentrations and temperature
in the different steps.
The process scheme is shown in Fig. 4 and makes use of
Aliquat 336 to extract cobalt, iron, manganese and zinc. The
loaded ionic liquid phase from the chloro-complex extraction
is scrubbed using a concentrated hydrogen chloride solution
(8 M) in order to have high distribution ratios for cobalt, man-
ganese, iron and zinc, while scrubbing nickel and rare earths.
The strip step requires lower chloride levels in order to selec-
tively strip cobalt and manganese, while continuing to extract
zinc and iron. This is achieved by the hydrochloric acid ex-
tracted in the scrub step or by adding a low concentration of
hydrochloric acid to the strip solution (water). The cobalt-
and manganese-rich aqueous strip can be purified from iron
(if present) by contacting it with Aliquat 336 which could be
re-entered into the main extraction step. The solvent regener-
1–9 | 7
Page 7 of 10 Green Chemistry
G
re
en
C
he
m
is
tr
y
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
31
 Ju
ly
 2
01
4.
 D
ow
nl
oa
de
d 
by
 K
U
 L
eu
ve
n 
U
ni
ve
rs
ity
 L
ib
ra
ry
 o
n 
06
/0
8/
20
14
 1
3:
19
:1
1.
 
View Article Online
DOI: 10.1039/C3GC41930D
Fig. 4 Flow-sheet describing the two major steps and the resulting ionic liquid and aqueous streams.
ation step is performed using 5% ammonia in order to remove
iron and zinc. The cobalt and manganese from strip 1 is sepa-
rated using 30% (v/v) tricaprylmethylammonium thiocyanate
in Aliquat 336 which extracts the cobalt leaving purified man-
ganese in the raffinate (2). The cobalt-loaded ionic liquid
phase is scrubbed at a high phase ratio (10:1) and stripped us-
ing ammonia. The raffinate (raffinate 1) from the initial extrac-
tion is contacted with Cyanex 923 diluted in tricaprylmethy-
lammonium nitrate, in order to extract the rare earths. The sol-
vent itself supplies the nitrate ions required for the extraction,
since the aqueous phase is a chloride solution. The loaded
ionic liquid is scrubbed from nickel using a nitrate solution,
at a phase ratio of 10:1 or more, where the rare earths remain
extracted while nickel is scrubbed to the aqueous phase. This
nickel-rich scrub is re-entered into raffinate 1. The re-entering
of the scrub can require an optimization to ensure that any ex-
cess nitrate is extracted by the tricaprylmethylammonium ni-
trate phase. Any contamination of raffinate 2 during the nitrato
complex extraction with nitrate ions will likely be negligible
since the nitrate ions will be part of the ionic liquid or involved
in complex formation with rare-earth ions. The strip could po-
tentially be performed selectively in multiple steps at different
nitrate and stripping agent concentrations in order to separate
the rare earths.
To recover the metal values of the different streams as solid
materials there are several available alternatives. For example,
the nickel in raffinate 3 can be recovered by electrodeposi-
tion.36 The aqueous strip raffinate (strip 1) rich in cobalt and
manganese can also be treated by, for example, D2EHPA, PC-
88A, Cyanex 272 (bis(2,4,4-trimethylpentyl)phosphinic acid)
or a mixture of these in order to separate the cobalt and man-
ganese, the metals in the individual solutions can be recov-
ered as hydroxides.37,38 The aqueous strip raffinate (aqueous
strip 4) containing rare earths can be recovered by precipita-
tion with oxalic acid.7 The amounts of iron and zinc obtained
from the strip 2 step are small and are of low value. The ex-
pected losses of ionic liquid due to solubility in the aqueous
phases is expected to be low, in the range of 10 to 40 ppm for
tertiary amines can be expected and 40 to 80 ppm for Cyphos
IL 101.24 However, a more detailed investigation into solvent
losses is needed.
5 Conclusions
The results presented in this paper show that ionic liquids can
be beneficial for application in the recycling of metal values
from nickel metal hydride batteries. Cyphos IL 101 and Ali-
quat 336 are effective in removing cobalt, manganese, iron
8 | 1–9
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and zinc from chloride based liquors with low co-extraction
of nickel since it can easily be scrubbed using hydrogen chlo-
ride solutions. The rare earth metals can be recovered by us-
ing Cyanex 923 dissolved in the nitrated forms of Cyphos IL
101 or Aliquat 336, where the ionic liquid contains the ni-
trate ions for the nitrato complex extraction. Tricaprylmethy-
lammonium nitrate is preferable since it has higher distribu-
tion ratios for the rare earths and can accommodate a lower
Cyanex 923 concentration. Tricaprylmethylammonium thio-
cyanate in tricaprylmethylammonium chloride can be used to
separate the cobalt from the manganese. A flow sheet describ-
ing the process has been proposed for the use of ionic liquids
as extractants and diluents in order to separate the metals used
in NiMH batteries. The direct application of an ionic liquid to
recover manganese, cobalt, iron and zinc is more efficient than
directly using a Cyanex 923 based solvent. This is due to the
fact that the subsequent purification of rare earths is simplified
and due to the inherent benefits of using an ionic liquid as the
extracting phase such as a negligible vapor pressure.
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